Introduction
Huge number of non-metallic inclusions is included in molten steel, and when coagulated inclusions remain in products, it has harmful effect on quality of the steel products. Recent steel products such as thin plates for automobiles, steel cord for tires, materials for electronics and so on are required their cleanliness in order to provide more reliable and higher performance than before. Therefore, the size of inclusions that should be removed from the products is desired to be smaller year by year. It is also important to develop the technology for controlling inclusions in molten steel to use as nucleation sites for achieving fine microstructure of ferrite steels. In order to remove or control inclusions in molten steel, it is necessary to reveal clearly the fundamental behavior of inclusion.
Recently, three-dimensional (3-D) models become more common in respect of mechanisms of inclusion growth and removal. [1] [2] [3] [4] [5] A number of 3-D models for steel refining have been developed using fluid flow calculation taking into account more sophisticated models to describe inclusion growth and removal. Sinha and Sahai 2) simulated inclusion behavior composed of turbulent coagulation, flotation and adhesion to walls in a continuous casting tundish by 3-D transport equations. Wang et al. 3) calculated inclusion removal and growth considering turbulent coagulation, flotation and adhesion to walls in the presence of bubbles in a multi-tuyere ladle during gas-stirring by use of 3-D transport analysis. Model equations or empirical correlations on inclusion behavior have been generally adopted in the mathematical simulation to describe inclusion removal and growth. Transfer behavior, growth and removal of inclusions in steel refining are complicated and invisible process, whereas mathematical simulation will make it possible to describe and predict the process visually.
The growth of inclusion improves efficiency of flotation removal due to large rising velocities, and as a result, the coagulated inclusions become easy to be removed by flotation mechanism. On the other hand, the coagulation of inclusions in molten steel is an issue of critical importance because the coagulated inclusions are very harmful to final products. In addition, it is considered that the products which have fine grain structure require homogeneous dispersion of small inclusions in molten steel during solidification.
Many studies have been made until now to make clear the coagulation phenomenon and estimate the coagulation process precisely. [6] [7] [8] [9] [10] [11] Taniguchi et al. 6 ) applied Higashitani's model 7) to determination of the coagulation coefficient. Higashitani et al. 7) derived a coagulation coefficient composed of viscous resistance force and the London-van der Waals force. They introduced the coefficient to turbulent collision between particles and investigated the turbulent coagulation rate in an aqueous solution using an agitated vessel. 8) Nakaoka et al. 10) modified the population balance equation and developed a particle-size-grouping (PSG) method with complete conservation in total particle volume. They performed a water-model experiment on the turbulent coagulation of polyvinyl-toluene latex (PVTL) particle in an agitated vessel, and also carried out a numerical simulation by solving the fluid flow and particle transport equations together with the k-e model and the PSG method.
Gas injection is widely used in the steel refining process, such as a gas stirred ladle. It is well known that harmful inclusion like Al 2 O 3 has a large contact angle against molten steel and tends to be entrapped by gas bubbles easily. De- Inclusion behavior like nucleation, diffusional growth, coagulation and removal in steel refining are complicated process, whereas mathematical simulation makes it possible to describe each behavior in detail. Many works have been performed in respect of the individual mechanism of inclusion behavior. However, the whole behavior is not clearly understood yet, and especially, an experimental evaluation of combined phenomena has not been carried out sufficiently until now. In this study, a cold model experiment of bubble flotation accompanied by coagulation of polystyrene particle in an electrolyte solution has been conducted in an agitated vessel under turbulent flow condition. In addition, an empirical equation of bubble flotation in a turbulent flow has been proposed from observed results of the water model experiment. This empirical equation has been combined with the population balance equation on particle coagulation, and removal rates have been predicted. Furthermore, a correction has been adopted in the population balance equation proposed by Nakaoka et al. Resultantly, a linear coupling model with bubble flotation and coagulation has been verified its applicability to a prediction of time dependence of particle number density and size distributions under various conditions. spite an important phenomenon, the kinetics of bubble flotation has not been well elucidated yet. Some theoretical studies on mineral flotation have been made previously, [12] [13] [14] [15] [16] [17] which are well reviewed by Zhang et al., 18) however, most of them focused on a single bubble rising in still liquid or in laminar flow. It is not clear whether the knowledge for the laminar condition can be applied to inclusion removal by bubble in real operation because the flow should be turbulent. Recently, the removal by bubble flotation was investigated in turbulent flow condition to construct mathematical models, 19) while the model equation includes many parameters that should be measured. Zhang et al. 20) performed a cold model study and proposed an empirical correlation on the rate constant of particle removal, which did not follow first order kinetics. In their study, a change in bubble number density by agitation was not considered. The present authors performed a cold model experiment similar to their study and investigated the effects of parameters, such as particle diameter, agitation speed and particle contact angle under turbulent condition. 21, 22) Bubble flotation of particles should proceed together with other processes like particle coagulation, its own flotation and adhesion to wall. Until now, such combined removal process is mainly investigated by simulation and its result is not verified by experiments sufficiently.
Model Experiment on Inclusion Removal by Bubble Flotation Accompanied by Particle Coagulation in Turbulent Flow
Considering these simulations as mentioned above, the present study aims to evaluate the particle removal rate by bubble flotation accompanied by turbulent coagulation. 
Theories 2.1. Bubble Flotation
Generally, it is known that removal rate of dispersed particles in liquid by bubble flotation is given by first-order kinetics. 13, 21) . where n is particle number density, k g rate constant of particle removal by bubble flotation. The adhesion process is represented by the following steps:
(1) Collision step: liquid film formation (2) Attachment step: film thinning and rupture (3) Detachment step: detachment of particle from bubble Thus, the equation expressed above is re-written as where N b is bubble number density, b and b 0 collision frequency function with and without bubble-particle interactions, and E adhesion probability. b shows the number of collision between a pair of single bubble and particle in unit volume and unit time. It is also necessary to consider the mechanism of bubble-particle interactions, which relates to the value of E. E is divided into three terms corresponding to the adhesion steps of collision, attachment and detachment 17) : E c is collision probability, E a attachment probability, E d detachment probability. Many researchers derived theoretical or numerical equations for the value of E. However, all of them were limited within laminar condition, and there is still no data about the value of E in a turbulent flow. These theoretical backgrounds were summarized by Zhang et al.
18)

Turbulent Coagulation
The population balance (PB) equation for the coagulated particle composed of k-pieces of primary particles was firstly derived by Smoluchowski 23) as follows:
where n k is number density of coagulated particle composed of k-pieces of primary particles, and N ij collision frequency between i-particle and j-particle in unit volume of a liquid medium. However, the generation term and the dissipation term between the same size particles were not expressed correctly. Nakaoka et al. 10) modified these inappropriate points and proposed the following PB equation:
... (6) where d ij is the Kronecker's delta function (d ij ϭ1 for iϭj, d ij ϭ0 for i j).
N ij was represented by Eq. (7) in the Nakaoka's work. where b(i, j) is collision frequency function between i-particle and j-particle and the mathematical expression of this term changes by collision modes. However, they did not notice the fact that the combination number of collision must be halved in the case of particles having the same size. However, the Nakaoka's PB equation and the modified collision frequency represent the coagulation process precisely and make it clear to understand physical meaning of the coagulation mechanism. Here, it should be noted that to use Eq. (6) in combination with Eq. (8) is more appropriate than the combination of Eq. (5) and Eq. (7). There are several coagulation mechanisms between particles in a liquid medium, such as Brownian, differential, shear and turbulent coagulation. In the present study, the turbulent coagulation becomes a dominant process because the flow is strong turbulence. Here, suppose two particles, i and j, collide with each other in a liquid medium. If the collision radius, a i ϩa j , is far less than the smallest eddy size (Kolmogoroff's micro scale: hϭ(n 3 /e) 1/4 ), the collision fre- where a is particle radius, e energy dissipation rate, and n kinematic viscosity. The coagulation coefficient, a, is introduced by Higashitani 7) to compensate the effects of viscous force needed to exclude the liquid film between the colliding particles and the London-van der Waals force as an attractive force. Under a rapid coagulation condition free from the repulsive force due to electrical double layers, a is correlated by the following approximate equation (10) where A 131 is an effective Hamaker constant of particle 1 in medium 3, m viscosity of liquid and a 1 radius of a primary particle.
Liner Coupling Model (Coagulation, Bubble
Flotation and Overflow) In the system coexisting particle growth and removal processes, a fundamental rate equation which represents a change in particle number density with time is supposed to consist of liner combination with each mechanism. In the present study, coagulation and bubble flotation were considered as particle behavior in liquid, and therefore the govern- where Q L is overflow rate and V volume of a vessel. Equation (11) assumes a complete mixing, and the last term in righthand side expresses the effect of overflow that is used to remove particles floated on the free surface by bubble flotation.
Particle diameter of coagulated particles is dealt with equivalent volume diameter. However, the probabilities, E c and E a in Eq. (3) may be different between a coagulated particle and a spherical particle having the same solid volume. Because Omota et al. 25) pointed out that apparent contact angle of aggregate was different from that of a single particle. Therefore, it is not sure whether the rate equation of particle coagulation and bubble flotation can be linearlyconnected. A cold model experiment of bubble flotation accompanied by turbulent coagulation is compared with the model calculation by Eq. (11) to verify the assumption of liner coupling.
Particle-size-grouping (PSG) Method
Generally, the PB equation cannot give an analytical solution and numerical calculation is needed to solve a change of particle number density. However, a load of the calculation becomes larger as the size of the largest particle increases considerably. In such case, the PSG method is superior to a rigorous procedure. Nakaoka et al. 10) calculated the coagulation rate by dividing particle size into M groups having characteristic particle volume from v 1 to v M . The particle volume of each PSG group is determined so as to increase from a group to the next one with a constant ratio, (13) Then, the correction factors are introduced to keep the mass-balance of particles conserved. In the present study, the same PSG method was applied to solve Eq. (6) and Eq. (11) numerically.
Experiment (Bubble Flotation Removal in Water
System) 3.1. Experimental Method Figure 1 shows a schematic of an experimental apparatus used for the bubble flotation in distilled water. An agitation vessel installed four baffle plates is 96 mm in diameter and 150 mm in height. In the present study, the vessel is half as high as the vessel used in the previous studies 21, 22) to achieve a uniform mixing. A stirrer is a paddle-type impeller with two blades of 35 mm diameter and 20 mm height. At the top of the vessel, a lattice type cover is set to prevent fluctuation of the free surface. Bubbles are injected from four nozzles through porous filters placed in the bottom of the vessel. Water is introduced with a small flow rate from the vessel bottom to overflow the particles floated on the free surface of water.
Five types of particles are used, whose properties are given in Table 1 and those of size distributions are shown in Fig. 2 . For these particles, flotation or sedimentation can be negligible because of small difference in density between these particles and water. In addition, these particles do not coagulate in distilled water due to the repulsive force. Particle C (Acrylic particle) is mainly used for an investigation of the effects of particle diameter, agitation speed, and the other particles are used for that of contact angle. Contact angle of water on the particle surface is measured from penetration height or penetrating speed of water in a glass tube packed with the particle.
22)
The experimental procedure is the same as the previous studies. 21, 22) A suspension including sample particles was poured into the vessel. Then, stirring was begun and nitrogen gas was injected into the vessel through porous filters. Small amount of suspension was taken from the vessel at a suitable time interval, and particle number density and size distribution were measured by means of the electric sensing zone method (Coulter counter). The size distributions were partitioned from 3.75 to 16.25 mm at intervals of 2.5 mm as shown in Fig. 2 . The Coulter counter can measure the number densities of each class. Thus, it is enable to analyze the removal rate of each class of particle diameter simultaneously in a bubble flotation experiment. In the experiment, the class values were regarded as particle diameter of the class. The experimental conditions are shown in Table 2 .
In general, bubble number density changes with agitation speed because of coalescence or breakup by turbulence. To measure the bubble concentration, average size of bubbles was measured in advance by an optical measurement. As a result, the bubble diameter was obtained as 2.1-2.5 mm, and the change of size was not so large with agitation speed. Then, volume of the water overflowed from the vessel was measured under the conditions with and without bubble injection to measure gas holdup in the vessel. The volume was regarded as the total volume of bubbles existing in the vessel. Finally, the bubble number density was obtained from the value of the gas holdup divided by the average volume of a single bubble.
Results and Discussion
Effects of Various Factors on Rate Constant
The change in particle number density with time is shown by Eq. (14) (14) where, n 0 is initial particle number density of each class of particle. Figure 3 indicates the relationship between n/n 0 and time for Particle C. The change of particle number density by overflow is excluded. It is seen from the figure that linear relationships are observed for three cases of different particle diameters, d p , and the slope of each line increases with increasing particle diameter.
Relation between k g and d p is shown in Fig. 4 for different types of particle, and an approximate linear relationship is found in the figure. Larger particles collide and attach themselves to bubbles more easily because the collision radius is increasing with particle diameter. Figure 5 shows the effect of contact angle of particle, q, on k g at a constant gas flow rate with agitation speeds, n s ϭ6.7 s Ϫ1 and 10 s
Ϫ1
. Although values of k g are so small in the region: qϽ90 deg, an abrupt increase of k g is observed at around qϭ90 deg. Such sudden change in the value of k g suggests importance of wettability which relates to the particle-bubble interaction. In the case of the region over 90 deg, it may be considered that the attachment probability, E a , nearly equals to unity. It is certain that the wettability is one of essential parameters that influence stability of the liquid film between a bubble and a particle, 26) and it determines whole adhesion process and removal efficiency. 28) However, there is no information for the turbulent condition. This will need further attention in the future. Table 3 indicates contact angles of liquid steel on various oxide surfaces and those of liquid slags in contact with liquid steel are shown in Table 4 . 29) It is expected from the tables that pure oxides except TiO 2 have larger contact angle than 90 deg, therefore, they can be removed effectively by bubble flotation. However, compound oxides like slag particle that have low contact angle may not be removed by bubble flotation. Figure 6 shows k g for Particle C as a function of agitation speed. Within the range of 3.3-13 s
, the change is not very significant. In the case of higher agitation speed, bubble breakup may occur and bubble number density increases with agitation speed. Therefore, the collision frequency function, b, was given from the value of k g divided by bubble number density, N b , to exclude the effect of the change of bubble number density. Energy dissipation rate was also introduced to make clear the effect of turbulence on bubble flotation. (15) where n s is agitation speed, T s torque to stir the liquid, and M mass of liquid in the vessel. The value of k is a correction factor, which means that the power input to the impeller partly dissipates in liquid of the vessel. Toyama et al. 30) pointed out that the value of k became about 0.5 in an agitated vessel with baffle plates. Although the reliability is low, Eq. (15) is used as kϭ0.5 in the present study. The validity of k value is discussed again in the Chap. 4. Gas injection also generates turbulence, which should be considered as energy dissipation rate by gas injection, e B . The value of e B is estimated as follows 31) : ε π Figure 7 shows the effect of turbulence (agitation speed) on the value of b. b decreases with the intensity of turbulence and its effect is found to be quite similar to that of other particles having different contact angle. This tendency was observed in previous results obtained by the present authors. 22) Based on the previous study, 19) the turbulence is thought to enhance the collision efficiency between a particle and a bubble. However, it is revealed to disturb adhesion of particle on the bubble surface. In order to attribute such effect to the processes, further study is needed.
Empirical Equation of Bubble Flotation in Turbu-
lent Flow The value of k g is influenced by so many parameters, and k g should be a function of bubble diameter, particle diameter, stirring intensity, gas flow rate and so on. In addition, another difficulty comes from the mutual relation between parameters. For example, energy dissipation rate changes with gas injection (gas flow rate) and affects bubble diameter. Therefore, the value of b is adopted in this analysis because the interaction can be excluded by focusing on a single bubble.
According to the fundamental study of particle removal by a single bubble flotation under laminar flow condition, (23) where A, B, K and q i are parameters. In the present study, for the system of water-N 2 gas-plastic particles, the constant parameters are Aϭ0.57, Bϭ0.21, Kϭ3.5 and q i ϭ88, respectively by fitting Eq. (22) with the experimental value of b. The function, W represents the effect of particle contact angle describing the sudden change of the value of k g as seen in Fig. 5 . The physical meaning of W has not been cleared at the present stage. It should be noted that this expression can be used in the case that terminal velocity of particles is small.
The comparison between experimental results and the empirical equation is shown in Fig. 9 . There is a clear correlation between Eq. (22) and the measured value of b. The good agreement indicates the ability of the obtained empirical equation to predict the particle removal by bubble flota- tion under turbulent condition. It is important to mention here that Eq. (22) should be checked whether it is available in other systems, such as molten metal system.
Experiment (Turbulent Coagulation in Polystyrene (PS) Particle-MgSO 4 Aqueous Solution System) 4.1. Experimental Method
The experimental apparatus which used in bubble flotation experiment was utilized in the coagulation experiment. Polystyrene (PS) particle with 3.14 mm in mode diameter was used as a model particle* and MgSO 4 aqueous solution was used as a liquid medium. In the experiment, PS particles suspended in distilled water were put into the solution agitated in the vessel. At a suitable time interval, a small amount of solution was taken, and the particle concentration was measured by the electric sensing zone method.
By an exploratory experiment, it was found that a rapid coagulation condition could be achieved at MgSO 4 concentration, Cϭ1 mol · L
Ϫ1
. Experimental conditions are listed in Table 5 and the initial size distribution of PS particle is shown in Fig. 10. 
Results and Discussion
Calculation of Coagulation Curves
In order to check the difference between the previous calculation based on Eq. (6) and Eq. (7), and the present calculation with Eq. (8), the computed results were obtained using the PSG method. In the PSG method, the maximum number of the size group, N M , was set in 20 and the volume ratio, R v ϭv kϩ1 /v k was 2 in the both cases. In the case where initial particle size distribution is broad, the PSG group 1 which includes maximum number of primary particles cannot cover the small particle region in the size distribution and the rate of change for small particles is not calculated precisely. Therefore, the groups Ϫ1 and 0 is added in the PSG groups to express a change in the number of smaller particles (see Table 6 ). Figure 11 gives a change in total particle number density, n t , with time compared between two types of calculation. In this figure, the particle number density and the time scale were expressed as dimensionless forms: n t *ϭn t /N 0 and t*ϭ1.3aa 1 3 (e/n) 1/2 N 0 t. There is a considerable difference between these two coagulation curves. As a consequence, the experimental results measured by Nakaoka et al. 10) disagree with the results calculated by the present PB equation.
In the coagulation curve calculated by Nakaoka et al., 10) the k value in Eq. (15) was 0.15. If the value of k, 0.5, applied in Chap. 3 was given, their results are well fitted with the present PB equation using the same value of A 131 for PVTL particle. Higashitani mentioned in his paper that k value is somewhere between 0.15 and 1.0 by an investigation on turbulence in a stirred tank. 8) At the latter part of this section, the turbulent coagulation experiment was performed to assess the validity of the value of k. Figure 12 shows the change in total number density with time for various initial total number densities of PS particle at n s ϭ6.7 s
Evaluation of Turbulent Coagulation Rate
Ϫ1
. To compare the measured coagulation curves with calculated ones, the Hamaker constant of PS particle in water, A 131 should be known. In the present study, a published value of PS particle in water was used, A 131 ϭ0.95ϫ 10 Ϫ20 J. 33) The energy dissipation rate by agitation, e S , was obtained from Eq. (15), and the measured value of e S were (8.2-494)ϫ10 Ϫ3 m 2 ·s Ϫ3 for n s ϭ3.3-13 s Ϫ1 using kϭ0.5. Then, the measured curves agreed well with the calculated coagulation curve as seen in Fig. 12 . The coagulation curves at various agitation speeds are given in Fig. 13 . In this case also the measured curves fit well with the calculated one except for the case of high agitation speed in large t*. This discrepancy may be attributed to a breakup of larger aggregates. In each case of the dependence of initial particle number density and agitation speed, the experimental results match well with calculated ones in good accuracy. Therefore, the value of k is fixed as 0.5 in this study, although the quantitative concept hasn't been made clear. As the future works, the value of k should be investigated in detail.
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© 2009 ISIJ * Generally, contact angle on PS particle might be changed with production condition, such as the difference in surfactant. This particle was not obtained from the same company that produces Particle A used in Chap. 3. Note that, therefore, the properties of the Polystyrene (PS) particle can differ from that of Particle A despite the same materials. 
Combined Experiment in Polystyrene (PS) Particle-MgSO 4 Aqueous Solution System 5.1. Experimental Method
The same experimental apparatus was used in the combined experiment, and the experimental conditions and procedures were in common with the coagulation experiment except for injecting nitrogen gas and overflow into the vessel. Experimental conditions are summarized in Table 7 . To compare the measured curve with calculated one, contact angle of MgSO 4 aqueous solution on the PS particle surface should be known. However, no data is available in the present experimental system. And also, the contact angle could not be measured by the infiltration rate method used in Chap. 3 because the particle size is too small for measuring penetration height in the particle-packed bed. Therefore, the contact angle of water on the PS particle surface was presupposed as that of MgSO 4 solution.
There is a discrepancy between some published data on contact angle of water on PS substrate. 27, 34, 35) The data are in the range from 81 to 91 deg, and the k g value dramatically changes in the range as shown in Fig. 5 . Thus, an exploratory experiment on bubble flotation of PS particle was performed to estimate the contact angle of MgSO 4 solution. First, the collision frequency function of PS particle was measured in distilled water, and then, the value was assigned to Eq. (22) , which resulted in qϭ88 deg.
In advance, gas holdup in the agitated vessel was measured and bubble number density was given by the same method used in the bubble flotation experiment. The measured bubble number density was obtained as N b ϭ2.24ϫ 10 7 m Ϫ3 at a constant gas flow rate for d b ϭ0.8 mm. Total energy dissipation rate, e, was obtained from the sum of Eq. (15) and Eq. (16), and its value was 0.069 m 2 · s
Ϫ3
. The bubble rising velocity was estimated by Eq. (18). Figure 14 shows a change in total particle number density with time. The experimental result of the combined experiment was compared with the three numerical calculations as shown in Table 8 using the PSG method. In the cases of Cal. (2) drawn to evaluate the effect of the bubble flotation and the turbulent coagulation. It is found that the total particle number density of Cal (3) decreases more quickly than that of Cal. (1) . Figure 15 indicates a change in particle number density with time for each PSG groups 1, 2, 3 and 4 (see Table 6 ). Although the linear coupling model disagrees with the observed result at large t, reasonable agreement can be seen within the present experimental condition.
Results and Discussion
Change of Particle Number Density in Combined Experiment
The cause of disagreement may be considered as a shape of coagulated particles, which influences the coagulation process or the adhesion process to the bubble surface. Tozawa et al. 9) proposed the model which introduced a fractal dimension, D f , of the coagulated inclusion of Al 2 O 3 with D f ϭ1.8 and evaluated the effect of clustering on the coagulation rate. Nakaoka et al. 10) adopted the fractal dimension of 1.8 to the turbulent coagulation of PVTL particle, however, the coagulation proceeded in an improbably high rate. An optical micrograph of coagulated PS particles taken from the coagulation experiment is shown in Fig. 16 . The clusters of PS particle seem denser than Al 2 O 3 clusters shown by Tozawa et al. 9) and similar to the PVTL aggregate taken by Nakaoka et al. 10) Although the fractal number of the coagulated particle is unknown, the structure may have little influence on the coagulation process in this study. On the other hand, cluster shape seems to affect the particle attachment process composed of film thinning and rupture on the bubble surface. The effect has not been considered in the present model and remained an issue. However, it is concluded from these results that the linear coupling model is applicable in good accuracy.
The rate of change of particle number density by each mechanism, such as coagulation, bubble flotation and overflow, is compared in Fig. 17 for the PSG groups 1 and 3. The rates are normalized by initial total number density of particles. In the case of PSG group 1, the decreasing rate by the turbulent coagulation is the largest within overall time. It is concluded that the coagulation of small particles is dominant in the combined phenomena. In the case of PSG group 3, the rate of coagulation indicates a large positive value at the initial stage (tϽ100 s), while other mechanisms are minus. Resultantly, the total rate also indicates positive value at first, and then changes to minus due to bubble flotation.
Particle Size Distribution
The change in particle size distribution with time is given in Fig. 18 using the characteristic diameter for each PSG group. This figure also shows a comparison between observed and calculated particle size distribution for the © 2009 ISIJ Table 7 . Experimental conditions for combined experiment in polystyrene (PS) particle-MgSO 4 aqueous solution system.
Fig. 12.
Change in total particle number density with time for various initial particle number densities in polystyrene (PS) particle-MgSO 4 aqueous solution system. cases of Cal. (1) and Cal. (3). In Fig. 18(b) , the calculated size distribution fits well with the observed one in good accuracy for each time. The decrease in particle number density for large particles is found to be faster at longer time for Fig. 18(b) than Fig. 18(a) . The present linear coupling model with the PSG method is available to estimate not only a change of particle number density but also particle size distribution with satisfactory accuracy.
Conclusions
In order to investigate accurately the inclusion-size distribution and its change with time in liquid steel, the linear coupling model with the PSG method has been proposed on particle removal with bubble flotation accompanied by particle coagulation in turbulent flow. And the model was applied to the analysis of the cold model experiments in the agitated vessel. The obtained results are as follows. and n s ϭ6.7 s Ϫ1 after tϭ9 000 s in PS particle-MgSO 4 aqueous solution system. Fig. 17 . Rate of change of particle number density for PSG groups 1 and 3 in polystyrene (PS) particleMgSO 4 aqueous solution system.
(1) Experiments on the removal by bubble flotation in distilled water were made in the agitated vessel under turbulent condition. The empirical equation, Eq. (22) was proposed to estimate the removal rate by gas injection.
(2) The correction was adopted in the collision frequency, Eq. (8) proposed by Nakaoka et al. 10) Experiments on the coagulation of polystyrene particle in MgSO 4 aqueous solution were performed in the agitated vessel under a rapid coagulation condition. For the case of kϭ0.5 in Eq. (15), good agreement was obtained between the calculated coagulation curves and observed ones.
(3) The cold model experiment on the bubble flotation accompanied by turbulent coagulation of polystyrene particle in MgSO 4 aqueous solution was performed in the agitated vessel. The change in particle number density and its size distribution with time agreed well with the calculated results by the linear coupling model between the bubble flotation and the turbulent coagulation. 
Nomenclatures
